A B S T R A C T The purpose of this study was to determine the effect of familial hyperlipoproteinemia (HLP) on peripheral vascular disease (PVD) and the extent to which the vascular disease is modified by treatment of the lipoprotein disorder. PVD was detected plethysmographically by observing a diminished peak reactive hyperemia blood (PRHBF) following ischemia. The value for PRHBF in the extremity demonstrating the lowest response in 32 normal subjects (age 19-50 yr) was 39.6 ±1.5 SEM, ml/min per 100 g. Patients with untreated HLP, who had PRHBF below the lower limit of normal, were 2 of 11 type II, 9 of 12 type III, 1 of 10 type IV. As a group, patients with type III HLP showed diminished PRHBF (26.6 ±3.0 ml/min per 100 g, P < 0.01). In view of the high incidence of PVD and the striking reduction in serum lipids and complete resorption of xanthomas observed in type III HLP with therapy, six patients were studied before and after 3-6 months of treatment with a therapeutic diet and clofibrate. PRHBF in the most severely affected extremity increased markedly, from 20.4 ±1.6 to 31.9 ±1.8 ml/min per 100 g (P < 0.01), indicating a dramatic increase in maximum blood flow to this extremity. In two type III patients with PVD not treated, no change in PRHBF occurred over 5 months. In two other type III patients the PRHBF increased 17% during the first 25 days of therapy concomitant with a 30% reduction in whole blood viscosity. Over the next 120 days, blood viscosity decreased only an additional 4.6% whereas the PRHBF increased 57%, indicating that the observed changes seen in the PRHBF with therapy of type III patients can be only
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Type II or hyperbetalipoproteinemia characterized by hypercholesterolemia and xanthomatosis and type IV or hyperprebetalipoproteinemia characterized by endogenous hypertriglyceridemia with or without hypercholesterolemia have both been associated with premature coronary vessel disease (15, 16, 18) . Type III hyperlipoproteinemia has been characterized by the presence of abnormal beta lipoproteins, hypercholesterolemia, hypertriglyceridemia, xanthomatosis, and premature coronary and peripheral vessel disease. Combined drug and diet therapy has been shown to normalize the plasma lipids in these patients completely and to result in early resolution of external xanthomatosis (17) . This dramatic responsiveness to treatment makes the type III subject an ideal one to answer the question of whether lowering However, the association between peripheral vascular disease and these specific lipoprotein abnormalities has not been established. Accordingly, there were two purposes of this investigation. The first was to evaluate the peripheral circulation of patients with type III hyperlipoproteinemia before and after their serum lipids had been lowered and maintained in the normal range from 3 to 6 months, and the second was to examine the peripheral circulation of patients with types II and IV hyperlipoproteinemia for evidence of impaired peripheral vessels. A preliminary report of this study has been presented elsewhere (19) .
METHODS
Studies were carried out on a total of 32 normal subjects between 19 and 50 yr of age (average 29.3 yr) and 35 patients with familial hyperlipoproteinemia from the NIH registry. The characteristics of the patients with familial hyperlipoproteinemia are shown in Table I . A separate group of 11 normal control subjects above age 30 (average 41.9 yr) was selected for comparison with the patients with lipoprotein abnormalities. Classification was established by paper electrophoresis and ultracentrifugation techniques coupled with lipid determinations and family screening as described elsewhere (15, 16) . None of the patients had congestive heart failure or hypertension. Forearm and calf blood flow were measured bilaterally, with the limbs at heart level and the subject recumbent. The venous occlusion technique was employed (20) , which utilized a single-strand mercury-in-rubber strain gauge plethysmograph (14) . Circulation to the hand or foot was arrested by inflating a cuff around the wrist or ankle for at least 1 min before each determination of blood flow (21) . All measurements were performed with a venous collecting pressure of 30 mm Hg (22) with the subjects in the basal, postabsorptive state with at least a 15 min period of equilibration being allowed to elapse after placement of all instruments and before blood flow recordings.
Control blood flow was taken as the average of 6-10 flow measurements made at 15-sec intervals before each intervention. Ischemia of the forearm or calf was produced by inflating the proximal cuff to suprasystolic pressure for 1, 3, 5, and 10 min. After release of arterial occlusion, blood flow was measured initially at 5 and 15 sec after release and every 15 sec thereafter until it returned to control levels. The first determination of PRHBF was always discarded (22) . Since the peak reactive hyperemia blood flow (PRHBF) was not appreciably increased when the duration of ischemia was prolonged beyond 5 min, this level of PRHBF was considered to represent the maximal ability of the blood vessels to dilate to an ischemic stimulus (10-13, 22, 23) . The PRHBF of any extremity was taken as the average of two determinations of peak flow after release of 5 or 10 min of arterial occlusion.
PRHBF was determined after release of 5 and 10 min of arterial occlusion in 23 normal subjects and was repeated after an interval of 32 ±5.1 days in 16 subjects. PRHBF was determined in duplicate for each extremity of all patients with hyperlipoproteinemia. Six patients with type III hyperlipoproteinemia were studied an average of 131.5 + 10.2 days after treatment with an isocaloric diet low in cholesterol (<300 mg/day) and balanced in fat and carbohydrate (40% of calories of each) and clofibrate (2 g/day) (17) . In three patients ideal body weight was achieved by caloric restriction over 6-8 wk before the isocaloric diet was instituted.
The whole blood viscosity measured with a capillary viscometer was examined in two patients with type III hyperlipoproteinemia before and after lowering of the serum lipid levels by marked caloric restriction to 600 calories a day for 25 days, and again after 120 days of treatment with diet and clofibrate as described above. The PRHBF was determined on each of the three occasions. All comparisons between control subjects and patients with hyperlipoproteinemia and before and after an intervention in individuals were based on the values for the lowest RHBF observed in any of the four extremities.
RESULTS
Normal subjects. The characteristics of the blood flow response after restoration of the circulation to a temporarily ischemic limb are illustrated in Fig. 1 . As the duration of arterial occlusion was increased to 5 min, the subsequent peak blood flow rose progressively. However, when arterial occlusion was prolonged beyond 5 min, there was little or no further increase in the peak blood flow ( Fig. 1 C) ; rather, the duration of the hyperemic response became more prolonged (12, 23) (Fig.  1 A) . Therefore, as the duration of arterial occlusion was prolonged, the total blood flow in excess of control values (total reactive hyperemia blood flow) continued to increase (Fig. 1 B) . DURATION In 23 subjects the PRHBF following 5 min of arterial occlusion was 38.3 +2.52 ml/min per 100 g (SEM) and that following 10 min of arterial occlusion was 41.8 ±2.38 ml/min per 100 g, a difference which was not significant (P > 0.5) (Fig. 2 A) . Likewise in nine subjects, the PRHBF measured in the forearm and the calf was not appreciably different and averaged respectively 50.4 +4.90 ml/min per 100 g (forearm) and 46.6 +3.82 ml/100 g (p > 0.5) (calf). The similarity of the response of the forearm and the calf is also evident in Fig. 3 , in which it is apparent that the plateaus of PRHBF occurred at similar levels; the calf PRHBF, however, reached this plateau after a shorter duration of arterial occlusion (3 min) than that in the forearm (5 min). The PRHBF of the left and right extremities measured sequentially on the same day was similar (P > 0.5) (Fig. 2 C) . In 16 control subjects studied an average of 32 ±5.1 days apart, without any intervention between the two studies, PRHBF was unchanged, averaging 36.8 ±1.68 ml/min per 100 g at the time of the first study and 39.2 ±1.79 ml/min per 100 g at the time of the second study (P > 0.3) (Fig. 2 D) .
The relationship between the lowest PRHBF found in any extremity of a subject and the age of the normal control subject is seen in Fig. 4 . This value has no relation to the age of the subject. The lowest value for PRHBF observed in any extremity of any of the normal subjects tested was 27 ml/min per 100 g and was taken as the lower limit of normal. PRHBF in the extremity demonstrating the lowest blood flow, averaged for all normal subjects, was 39.6 ±1.50 ml/min per 100 g and for the older normal subjects was 37.8 ±2.52 ml/min per 100 g (Fig. 5 A and B) .
The Peripheral Circulation and Treatment of Hyperlipoproteinemia Patients with hyperlipoproteinemia. In the 11 patients with type II hyperlipoproteinemia the mean value for PRHBF in the extremity with the lowest blood flow was 34.3 ±1.9 ml/min per 100 g, a value which was not significantly different from that observed in either all of the normal subjects (P > 0.05) or the subgroup 
of normal subjects over 30 yr of age (P > 0.05) (Fig.  5 C differ from that observed in the normal subjects (P > 0.05) or the older normal subgroup (P> 0.05) (Fig.  5 E) . Only one patient with type IV disease had a value for PRHBF of any extremity less than the lower limit of normal. The PRHBF for the extremity with the lowest blood flow in patients with type III disease averaged 26.6 ±3.0 ml/min per 100 g, a value which was significantly lower than that observed in any normal subjects (P < 0.01) (Fig. 5 D) . 9 ±22.9 mg/100 ml (P < 0.02). In two patients whose lipids were lowered over a period of 21 days, the whole blood viscosity measured at 370C at a shear rate of 1600 sec' fell from 6.97 and 6.11 to 4.28 and 4.90 centipoise respectively, whereas the PRHBF rose from 19.5 and 16.1 ml/min per 100 g to 22.6 and 19.1 ml/100 g respectively. After prolonged therapy, the whole blood viscosity was 4.09 and 4.66 centipoise at the same shear rate and the PRHBF of the same extremities which were previously measured rose to 33.7 and 31.7 ml/min per 100 g respectively (Fig. 8) .
Two patients who were not treated were studied on two occasions, 154 and 193 days apart. Their lipid values were essentially unchanged and the value for the PRHBF in the most severely affected extremity rose only minimally, from 22.7 and 22.9 ml/min per 100 g to 24.9 and 26.8 ml/min per 100 g respectively.
DISCUSSION
The plateau in PRHBF which is achieved following arterial occlusion is considered to approach the maximal ability of the resistance blood vessels to dilate to an ischemic stimulus (22, 23) . The PRHBF has been repeatedly demonstrated to be lowered in patients with peripheral vascular disease, even though the basal blood flow usually is normal (10) (11) (12) (13) ). An ischemic stimulus presumably dilates the arterioles sufficiently so that the caliber of the larger arteries, i.e. the inflow vessels, becomes the critical site of resistance. Therefore, a reduction in the peak blood flow to an extremity indicates a reduced caliber in these large blood vessels if there is no evidence of arteriolar disease (14, 24, 25) . The reproducibility of this measurement in normal subjects was demonstrated by the finding that the PRHBF is similar in the forearm and calf as well as in both upper and lower extremities. Also, in 16 subjects studied on two different occasions the PRHBF showed little variation. In trying to determine which individuals with familial hyperlipoproteinemia had abnormal values of PRHBF, it was important to determine the lowest value which might be expected in a normal subject. This value was found to be 27 ml/min per 100 g in the 32 subjects studied and any value below this was considered to be abnormal.
Since the ages of the patients with familial hyperlipoproteinemia were greater than those of the normal subjects, comparisons were made not only between the patients with the entire group of normal subjects but also with a separate subgroup of normal subjects of comparable age. It was demonstrated that the PRHBF in patients with types II and IV hyperlipoproteinemia was not significantly different from that seen in the entire group of normal subjects or in the older subgroup. Furthermore, only 2 of the 11 patients with type II disease and 1 of the 12 patients with type IV disease had values of PRHBF which were abnormally low and this one type IV patient was the only patient studied who also had diabetes mellitus and required tolbutamide. It was of interest that 6 of the 11 patients with type II disease and 8 of the 12 patients with type IV disease had a significant degree of coronary artery disease. Thus, the coronary circulation appears to be more severely affected in these individuals than the peripheral circulation.
The patients with type III disease had an incidence of myocardial infarction or angina pectoris similar to that exhibited by patients with type II and type IV disease (Table I) , but four of them also suffered from intermittent claudication. The mean value for PRHBF was significantly below the average observed in the normal subjects as well as in the subgroup of older normal subjects. None of the patients with type III disease had congestive heart failure (19) or hypertension (24), conditions which have been shown to reduce PRHBF. Therefore, it would appear that the metabolic abnormality in patients with type III hyperlipoproteinemia not only is responsible for premature coronary artery disease but is also important in the etiology of premature peripheral vascular disease. Moreover, the severity of the vascular disease appears to be greater as the age of the patient increases (Fig. 4) . The only type III patients whose PRHBF fell into the normal range were less than 34 yr.
Patients with type III hyperlipoproteinemia are ideal for studying the response of peripheral blood vessels to treatment of the hyperlipoproteinemic state. Not only can their serum cholesterol and triglyceride levels be lowered to the normal range with weight reduction, a balanced low cholesterol diet, and clofibrate, but they also demonstrate a remarkable ability for the xanthoma to resorb (17) . This can occur in 3 months when the lipid levels are maintained in a normal range (17) . Both the serum cholesterol and triglycerides were reduced to the normal range in all six patients with type III hyperlipoproteinemia in this series who were treated vigorously. When these values were maintained for 3 to 6 months, the PRHBF increased by an average of 55%, a significant improvement (Figs. 6 and 7) . Although it has been shown that there is symptomatic improvement in angina pectoris and intermittent claudication with prolonged treatment of patients with type III hyperlipoproteinemia (17) , this is the first demonstration of an improvement in blood flow to the extremities, reflecting a reduction in vascular resistance, in these patients.
Two of the six patients with type III hyperlipoproteinemia who were treated had angina pectoris; one improved significantly, and in the other this symptom disappeared entirely during treatment. Of therapy. When the whole blood viscosity was lowered in two patients by marked caloric restriction over 25 days the PRHBF increased 17%, whereas whole blood viscosity decreased 30%. Over the next 4 months of conventional therapy, during which the serum lipid levels were maintained in the normal range, the blood viscosity decreased only an additional 4.6%. However, the PRHBF increased 57% during this time suggesting that the major determinant of the increased blood flow to the extremities of these subjects was an improvement in their vascular disease (Fig. 8) . On the other hand, two patients with type III disease who were not treated showed no improvement in their PRHBF over a 5-6 month period. Therefore, it can be concluded that the increased PRHBF in the patients with type III hyperlipoproteinemia following treatment represents a significant improvement in blood flow to their affected extremities which was only minimally accounted for by alterations in the Theological properties of the blood (26, 27) .
It may be presumed either that plaques in the main vessels to these limbs were significantly resorbed or that collateral circulation improved. Since the patients were not on an exercise program, the observed improvement in RHBF is more likely to have occurred secondary to the resorption of cholesterol-rich atheromata. It is not unreasonable to think that the labile lipid portion of atheromatous plaques can be resorbed from the vessel wall to some degree, considering the marked reduction in the size of the xanthoma in patients with type III disease following treatment (17) . The recent finding in a type III patient who died of a myocardial infarction that there were endocardial plaques which resembled planar xanthoma, and that this patient's coronary arteries were laden with foam cell lesions (28) further supports the position that the vascular cholesterol in type III patients is very labile. Since, at any given perfusion pressure, the flow in a vessel is proportional to the fourth power of the radius, it is easy to see that a small increase in the size of the vessel can result in a significant improvement in flow.
These observations then, are considered to be best interpreted as evidence to indicate reversal in the progress of atherosclerotic vascular disease by therapy aimed at the sustained reduction of serum lipids. It can be hoped that the improvement in the peripheral circulation demonstrated in these patients also occurred in other vascular beds, notably the coronary and cerebral. That this improvement occurred was suggested by the improvement in angina. It is unknown whether or not prolonged treatment of patients with type II and type IV hyperlipoproteinemia will result in an improvement in their coronary circulations. However, from the results of this study with type III hyperlipoproteinemia, which serves as an ideal experimental model for the short term study of vascular disease, it may be hoped that with prolonged therapy of the other lipid disorders with sustained lowering of blood lipid values, circulatory improvement will also occur.
